Monoamine oxidases (MAO)A
associated with a syndrome of impulsive aggressive behavior and mild mental retardation in affected males of a Dutch family (2) . On the other hand, low platelet MAO B activity was implicated in bipolar disorders, suicidal behavior, alcoholism (3), sensation seeking (4), and poor impulse control (5) .
Although both MAO A and MAO B are widely distributed in the central nervous system and in the periphery, they differ in cell-and tissue-specific and developmental expressions. For instance, fibroblasts and placenta express predominantly MAO A (6, 7), whereas platelets and lymphocytes express predominantly MAO B (8) . MAO A are found in catecholaminergic neurons, whereas MAO B are in serotonergic neurons and astrocytes (9, 10) . Furthermore, MAO B, but not MAO A, activity increases progressively in the brain throughout adult life (11, 12) . Aberrant increase of MAO B activity in the elderly has been implicated in neurodegenerative diseases such as Parkinson's disease (13), Alzheimer's disease (14) , and Huntington's disease (15) .
The human MAO A and MAO B are encoded by two different genes located on the X chromosome (Xp11.2-11.4) (16) . The two genes consist of 15 exons with identical exon-intron organization (17) and share 70% sequence similarity in amino acid sequence (18) . The 5Ј-flanking sequences of MAO A and MAO B genes have been sequenced and characterized. The maximal promoter activities for MAO A and MAO B genes were found to be in the Ϫ206/Ϫ60 and Ϫ246/Ϫ99 regions, respectively. Although both of these promoter regions are GC-rich and share ϳ60% sequence identity, they contain a distinct organization of cis-acting elements, which may explain differential expression of the MAO A and MAO B genes (19) . In this study, we report the role of phorbol 12-myristate 13-acetate (PMA) in the regulation of MAO A and B genes. We showed that MAO B, but not MAO A, gene expression was rapidly induced following PMA treatment. The region between nucleotides Ϫ246 and Ϫ225 of MAO B promoter was essential for PMA-induced expression. The PMA-responsive region was further refined to a single Sp1/Egr-1/Sp1 overlapping binding site located between nucleotides Ϫ239 and Ϫ227. Our results also show that MAO B promoter activity is regulated via a mitogen activated protein kinase (MAPK) pathway that includes protein kinase C (PKC), Ras, MEK1, MEK3, MEK7, ERK2, JNK1, and p38/RK.
EXPERIMENTAL PROCEDURES
Materials-The HepG2 (human hepatocytoma) cell line was purchased from the American Type Culture Collection and grown in Dulbecco's modified Eagle's medium supplemented with 10 mM Hepes, 2 mM L-glutamine, 100 units/ml penicillin, 10 g/ml streptomycin, and 10% fetal bovine serum (Invitrogen). Polyclonal antisera against Sp1, Sp3, Egr-1, JAK1, ERK2, and p38 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). PMA and calphostin C were purchased from Sigma.
Human MAO B Promoter-Luciferase Reporter Constructs-The
BamHI/BamHI MAO B promoter fragment (Ϫ2099/Ϫ99 bp) was cloned into the polylinker site (BglII) upstream of the luciferase gene (luc) in the pGL2-Basic vector (Promega, Madison, WI). Serial deletion constructs were generated by restriction enzyme digestion using the pGLBϪ2099/Ϫ99luc as a template followed by Klenow fill-in and selfligation. The following restriction enzymes were used to generate the deletion constructs: XhoI/AspI (pGLBϪ1313/Ϫ99); XhoI/BglII (pGLBϪ1180/Ϫ99); XhoI/SpeI (pGLBϪ868/Ϫ99); XhoI/ApaI (pGLBϪ425/Ϫ99); XhoI/PstI (pGLBϪ246/Ϫ99). The pGLBϪ225 construct was generated by digesting the Ϫ246/Ϫ99 promoter fragment with HaeIII and then ligating the Ϫ225/Ϫ99 bp fragment into polylinker site of pGL2-Basic. The restriction enzymes PstI and HindIII were used to select positive clones and to verify the correct orientation. One recombinant clone for each of the constructs was chosen, and the plasmid DNA was extracted and purified using Qiagen Miniprep kit (Qiagen, Inc.) following the manufacturer's instructions.
Site-directed Mutagenesis of the Human MAO B Proximal
Promoter (Ϫ246/Ϫ99 bp)-Site-directed mutagenesis was utilized to mutate potential transcription elements (Sp1 and Egr-1 elements) in the proximal promoter region (Ϫ246 to Ϫ99). Mutant promoter constructs (m1, m2, and m3) were generated using pGLB-246 construct as a template. Mutagenesis was carried out using an Amersham Biosciences mutagenesis kit, following the manufacturer's instructions. The primers used for mutagenesis (mutations underlined) were as follows: 5Ј-ACCGCCCCC-GCAAGCAGCTCTG-3Ј (m1); 5Ј-AGGGCCACCGAACCCGCCCGCA-3Ј (m2); 5Ј-AGGGCCACCGAACCCGCAAGCA-3Ј (m3). The mutated nucleotide sequences of all mutant constructs were confirmed by DNA sequencing.
Transient Transfection and Luciferase Assay-Transfections in HepG2 cells were performed using Superfect transfection reagent (Qiagen, Inc.) following the manufacturer's instructions. Exponentially growing cells were plated at a density of 5 ϫ 10 5 cells/well in six-well plates (Costar, Cambridge, MA) with 2 ml of Dulbecco's modified Eagle's medium and 10% fetal bovine serum and grown until 50% confluence (24 -36 h). For promoter deletion and mutagenesis studies, 1 g of MAO B promoter-luciferase construct was co-transfected into the HepG2 cells with 20 ng of plasmid pRL-TK (the herpes simplex virus thymidine kinase promoter fused upstream to the Renilla luciferase gene, which is used as an internal control; Promega). The plasmids were mixed with 100 l of serum-and antibiotic-free medium and 10 l of Superfect reagent. Following a 15-min incubation at room temperature, 600 l of Dulbecco's modified Eagle's medium (with 10% fetal bovine serum and antibiotics) were added to the DNA-Superfect complexes. The cells were washed once with phosphate-buffered saline and then incubated with DNA-Superfect complexes. After a 2-h incubation, the cells were washed with phosphate-buffered saline and incubated with fresh Dulbecco's modified Eagle's medium (with 10% fetal bovine serum and antibiotics). Cells were harvested 48 h later with luciferase assay lysis buffer (Promega). The cell lysates were then assayed for luciferase activity using the Promega Dual Luciferase Assay system (Promega). The expression plasmids pCMV-Sp1, pCMV-Sp3, and pSCTKr24 (Egr-1 expression plasmids) were kindly provided by Drs. Robert Tjian, Guntram Suske, and P. Charnay, respectively. Wild-type ERK1 and ERK2 and dominant negative ERK1 (K71R) and ERK2 (K52R), each cloned in pCEP4, were kindly provided by Dr. Melanie Cobb. Dominant negative Ha-Ras (S17N), cloned in pSR-␣ was obtained from Dr. Robert Chiu. Dominant negative Raf-1 (C4B) was obtained from Dr. Reinhold Krug. Dominant negative MEKK1 (K432M) cloned in pSR-␣, and dominant negative MEK1 and MEK2, each cloned in pEECMV, were obtained from Dr. Dennis Templeton. Kinase-negative MKK7 (MKK7KL), cloned in pSR-␣ was gift from Dr. Eisuke Nishida. Dominant negative MKK3 (MKK3 Ala), cloned in pRSV; dominant negative p38 MAPK (p38 AGF), cloned in pCMV5; and dominant negative JNK1 (JNK1 APF), cloned in pcDNA3, were generously provided by Dr. Roger Davis. Dominant negative Gal4-c-Jun, cloned into the Rc/RSV expression vector, was a gift from Dr. Anning Lin. The expression plasmids for c-Jun and c-Fos were generously provided by Dr. Robert Chiu. For cotransfection experiments, the total amount of DNA for each transfection was kept constant by the addition of empty expression vector pCMV3.1.
Nuclear Protein Extraction and Gel Shift Assay-Cells were washed with cold phosphate-buffered saline, harvested by scraping, and pelleted. The cell pellets were then resuspended in 5 pellet volumes of buffer A (10 mM KCl, 20 mM HEPES, 1 mM MgCl 2 , 0.5 mM dithiothreitol, and 0.5 mM phenylmethanesulfonyl fluoride), incubated on ice for 10 min, and centrifuged for 10 min. The pellets were resuspended in 3 pellet volumes of buffer A plus 0.1% Nonidet P-40, incubated on ice for 10 min, and centrifuged for 10 min. The pellets were then resuspended in buffer B (10 mM HEPES, 400 mM NaCl, 0.1 mM EDTA, 1 mM MgCl 2 , 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 15% glycerol) and incubated on ice for 30 min with gentle shaking. Nuclear proteins were then centrifuged for 30 min and dialyzed for 4 h at 4°C against 1 liter of buffer D (20 mM HEPES, 200 mM KCl, 1 mM MgCl 2 , 0.1 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 15% glycerol). Protein extracts were cleared by centrifugation at 4°C for 15 min. Protein concentrations were determined by Bio-Rad protein assay.
The DNA fragment for gel shift assay was radiolabeled by Klenow fill-in. Labeled probes were purified by gel electrophoresis (5% polyacrylamide) and eluted in Tris-EDTA (pH 8). For DNA-protein binding, 5-g nuclear extracts were diluted in binding buffer (40 mM HEPES (pH 8.0), 50 mM KCl, 1 mM dithiothreitol, 0.1 mM EDTA, 10% glycerol, 10 g/ml poly(dI-dC) (Sigma)) with a total volume of 20 l. Antibodies against Sp1, Sp3, or Egr-1 were added (when required), and the mixture was incubated for 20 min at room temperature. Labeled probe (0.2 ng) was added to the mixture and incubated for additional 20 min at room temperature. The samples were then run on a 5% nondenaturing polyacrylamide gel in 1ϫ Tris borate/EDTA at 150 V for 3 h. Gels were dried and visualized by autoradiography.
Western Blotting-Cells were harvested and washed with phosphatebuffered saline. The protein concentration was determined by the Bradford protein assay (Bio-Rad). One hundred micrograms of total proteins (for MAO A and B detection) or 50 g of nuclear proteins (for Egr-1, c-Jun, and c-Fos detection) were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. After the transfer, membranes were blocked at room temperature for 2 h with 5% bovine serum albumin in TTBS (10 mM Tris/HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) . The membranes were then incubated with anti-MAO A or anti-MAO B antibodies (1:1000) or anti-Egr-1 or anti-cJun or anti-c-Fos or anti-JAK1 or anti-ERK2 or anti-p38 antibodies (1:2000) in 0.5% bovine serum albumin in TTBS overnight at room temperature. After incubation with the secondary antibody at room temperature for 2 h, the bands were visualized by horseradish peroxidase reaction 3,3Ј-Diaminobenzidine Tetrahydrochloride (DAB, Sigma).
MAO Catalytic Activity Assay-HepG2 cells were grown to confluence, harvested, and washed with phosphate-buffered saline. One hundred micrograms of total proteins were incubated with 100 M 14 C-5-HT (for MAO A) or 10 M 14 C-labeled PEA (for MAO B) (Amersham Biosciences) in the assay buffer (50 mM sodium phosphate buffer, pH 7.4) at 37°C for 20 min and terminated by the addition of 100 l of 6 N HCl. The reaction products were then extracted with benzene/ethyl acetate (1:1) (for MAO A) or water-saturated ethyl acetate/toluene (1:1) (for MAO B) and centrifuged at 4°C for 10 min. The organic phase containing the reaction product was extracted, and its radioactivity was obtained by liquid scintillation spectroscopy.
Northern Blot Analyses-Total RNA were purified using TRIzol Reagents (Invitrogen). Thirty micrograms of total RNA from HepG2 cells grown to confluence were loaded onto each gel lane. Electrophoresis, transfer onto BrightStar nylon membrane, and hybridization were carried out using NorthernMax according to the manufacturer's protocol (Ambion). The human MAO A probe (specific activity ϭ 1.8 ϫ 10 8 cpm/g), MAO B probe (specific activity ϭ 2 ϫ 10 8 cpm/g), and an internal control probe encoding human ␤-actin were labeled by a random-priming technique using the Multiprime kit (Amersham Biosciences), following the manufacturer's instructions. Membrane hybridized with the MAO A or MAO B probe was autoradiographed for 48 h. When the ␤-actin control probe was used, membrane was autoradiographed for 6 h. Fig. 1A , both MAO A and B mRNA were constitutively expressed in HepG2 cells. PMA treatment of HepG2 cells increased MAO B mRNA level, which could be detected as soon as 30 min following PMA addition. The amounts of MAO B mRNA reached the highest level at 8 h after PMA treatment and then gradually returned to the basal level. In contrast, the MAO A mRNA level remained constant throughout the time course of PMA treatment. As shown in Fig. 1B , the induction of MAO B mRNA was accompanied by an increase of MAO B protein level at 2-4 h after PMA treatment, and the protein level remained elevated up to 24 h. Consistent with the MAO A mRNA level, treatment of PMA had no effect on the MAO A protein expression. Furthermore, PMA treatment of HepG2 cells increased MAO B activity ϳ4-fold with no significant change in MAO A activity (Fig. 1C) .
RESULTS

PMA Treatment Induced the MAO B, but not MAO A, mRNA Level and Protein Expression-As shown in
A PMA-responsive Element Is Located between Nucleotides Ϫ246 and Ϫ225 of the MAO B Gene-To identify the most proximal region responsible for PMA induction, the 5Ј-flanking sequence of MAO B gene was progressively deleted, ligated upstream of luciferase reporter gene (pGL2-Basic), and transfected into HepG2 cells. As shown in Fig. 2 , deletion constructs pGLB-2099 to pGLB-246 showed both basal promoter activity and PMA inducibility. However, no PMA-induced promoter activity was observed when the region between Ϫ246 and Ϫ225 bp was further deleted (pGLBϪ225), indicating that this region was responsible for the PMA-induced promoter activity. This observation led us to define the Ϫ246/Ϫ225 region as the most proximal sequence for the PMA-induced MAO B promoter activity.
Sp1, Sp3, and Egr-1 Bind to the Ϫ246/Ϫ225 MAO B Promoter Region-Sequence analysis revealed that the Ϫ246/Ϫ225 region contained overlapping consensus regulatory elements for two Sp1 and one Egr-1 (Fig. 3A) . Gel shift assay was performed to further define the sequences involved in PMA induction and to identify trans-acting factors bound to this region. The 22-bp DNA fragment spanning the Ϫ246/Ϫ225 region was radiolabeled and incubated with HepG2 (PMAtreated or not) nuclear proteins. Two major shifted complexes (complexes I and II) were observed with nuclear proteins from untreated HepG2 cells (Fig. 3B, lane 1) . Incubation with the same probe with nuclear proteins from PMA-treated cells showed an additional complex (complex III) (lane 2). Since this region contained the cis-elements for transcription factors Sp1 and Egr-1, we investigated the possible involvement of Sp and Egr family members in the complexes identified. Supershift experiments were carried out to identify the proteins in the complexes using antibodies against Sp1, Sp3, and Egr1. Incubation with anti-Egr-1 antibody supershifted complex III (lane 3), whereas the presence of the anti-Sp1 antibody supershifted complex II (lane 4). The complex I was completely supershifted following the incubation with anti-Sp3 antibody (lane 5). Taken together, these results identified Sp3, Sp1, and Egr-1 as the protein components of complexes I, II, and III, respectively.
Localization of Sp1, Sp3, and Egr-1 Protein Binding Sites-To further identify the binding sites for Sp1, Sp3, and Egr-1 within the Ϫ246/Ϫ225 region, mutant oligonucleotides derived from the Ϫ246/Ϫ225 sequence were used as probes in gel shift assays. Sequence-specific mutations (m1, m2, and m3), which specifically disrupted Sp1 and Egr-1 binding sites, were introduced into the overlapping Sp1/Egr-1 binding sites (Fig.  3A) . The wild-type or mutant (m1, m2, and m3) oligonucleotides were radiolabeled and incubated with HepG2 (PMAtreated or not) nuclear proteins. As shown in Fig. 3C , muta- (Fig. 4A) . (Fig. 4C ). Mutant construct m1 contained mutations in the nucleotides Ϫ239 and Ϫ238 (Fig. 3A) , which was shown to have no effect on the binding of Sp1, Sp3, and Egr-1 in gel shift assay (Fig. 3C, lane  3) . Mutant construct m2 contained mutations in the nucleotides Ϫ232 and Ϫ231, and mutant construct m3 contained mutations at the nucleotides Ϫ239/Ϫ238 and Ϫ232/Ϫ231, which reduced the binding of Sp1, Sp3, and Egr-1 to the Sp1/ Egr-1 binding site (Fig. 3C, lanes 4 and 5) . These mutant constructs were transiently co-transfected with the expression plasmid for Egr-1 into HepG2 cells and assayed for promoter activity. As shown in Fig. 4C , mutations at nucleotides Ϫ239 and Ϫ238 had no significant effect on the Egr-1-driven promoter activation compared with the wild type (pGLB-246). In contrast, mutations at nucleotides Ϫ232 and Ϫ231 (m2) and mutations at both sites (m3) reduced the Egr-1-induced MAO B promoter activation, indicating that the Sp1/Egr-1 binding site was necessary for the Egr-1-induced MAO B promoter activation. We then used the same mutant constructs to map the PMA-inducible element within the Ϫ246/Ϫ225 region. The results from Fig. 4D showed that mutation of nucleotides Ϫ232 and Ϫ231 had no effect on PMA-induced MAO B promoter activity. However, mutations at Ϫ232 and Ϫ231 (m2) reduced (ϳ60%) but did not abolish PMA-induced promoter activation. Mutations at both sites (m3) completely abolished PMA-induced promoter activation. Taken together, these results showed that the Sp1/Egr-1 binding site was responsible for PMA-induced MAO B promoter activation.
Although Ϫ246/Ϫ225 contained overlapping binding sites for Sp1, Sp3, and Egr-1, only one of these factors can bind to the Sp1/Egr-1 site at the same time due to steric hindrance (20) . To further test the function of the Sp1/Egr-1 site with Sp1, Sp3, and Egr-1, the pGLBϪ246/Ϫ99 construct was co-transfected with various combinations of expression plasmids for Sp1, Sp3, and/or Egr-1 into HepG2 cells. As shown in Fig. 4E , consistent with previous results, overexpression of Sp1 or Egr-1 increased MAO B promoter activity ϳ4-fold. In contrast, overexpression of Sp3 has no effect on the promoter activity. However, coexpression of Sp3 inhibited the promoter activation by Sp1 or Egr-1, possibly by competing for binding to the overlapping Sp1/Egr-1 site. Co-transfection of Sp1 with Egr-1 had no additive or synergistic effect on the promoter activity. Northern blot FIG. 3 . Gel shift analysis of nuclear proteins bound to the ؊246/؊225 region of the MAO B promoter. A, sequence of the Ϫ246/Ϫ255 MAO B promoter region. The potential overlapping cisacting elements are indicated with boxes and identified by arrows. The sequence of wild-type and mutant oligonucleotides (m1, m2, and m3) are shown with mutations underlined. B, gel shift assay was performed using nuclear extracts from HepG2 cells (PMA-treated or not) and the radiolabeled promoter (Ϫ246/Ϫ225) fragment as a probe. Supershift assay was carried out using antibodies against Sp1, Sp3, and/or Egr-1. The DNA-protein complexes (I, II, and III) are indicated with arrows, and the identified protein components of the complexes are shown in parenthesis. The supershift complexes and free probes are also indicated. C, gel shift assay was performed using nuclear extracts from HepG2 cells (PMA-treated or not) and the radiolabeled wild-type (wt) or mutant promoter fragments (m1, m2, and m3). The protein components of the shifted bands are indicated with arrows.
analysis showed that the amounts of the endogenous MAO B transcript were consistent with MAO B promoter activity in these co-transfection experiments (Fig. 4E) .
Induced Expression of c-Jun and c-Fos and Their Involvement in MAO B Promoter
Activation by PMA-To investigate the function of the c-Jun and c-Fos in the MAO B promoter activity, Western blot analysis was first carried out to determine the expression levels of the immediate early genes c-Jun and c-Fos during PMA treatment in HepG2 cells. As shown in Fig. 5A , the increase of c-Jun expression was observed as soon as 2 h after PMA treatment, remained elevated up to 8 h, and then returned to basal level at 24 h. Similarly, the expression of c-Fos increased at 2-4 h after PMA treatment and then gradually returned to basal level. Inspection of the nucleotide sequence of the Ϫ246/Ϫ255 promoter region did not reveal any identity or homology with the consensus AP1 site for c-Jun (5Ј-TGAGTCA-3Ј). However, it was shown that c-Jun can bind to Sp1 and activate promoters that contained the Sp1 binding site such as the promoter of the human p21 WAF1/Cip1 gene (21).
Then the pGLBϪ246/Ϫ99 was transiently co-transfected with various combinations of Sp1, c-Jun, and c-Fos into HepG2 cells. As shown in Fig. 5B , overexpression of Sp1 activated MAO B promoter activity, which is consistent with our previous data. Similarly, overexpression of c-Jun also activated the promoter activity ϳ3-fold. In contrast, overexpression of c-Fos had no effect on promoter activity. However, co-transfection of Sp1 and c-Jun had a synergistic effect on promoter activity and increased activity over 8-fold, suggesting a cooperative function of these factors on MAO B promoter activity. Co-transfection of Sp1 and c-Fos stimulated promoter activity ϳ2-fold with a slight decrease compared with the result of transfection of Sp1 alone. Co-transfection of c-Jun and c-Fos inhibited the c-Jun activation ϳ40%. The endogenous MAO B activities induced by various expression proteins mentioned above were also examined by Northern blot. The expression of mRNA of MAO B was similar as a result of transit transfection (Fig. 5B) . To evaluate the role of Sp1 in the c-Jun-driven activation, promoter constructs with mutations in the Sp1 binding sites were trans- fected with the expression plasmids for Sp1 and c-Jun. As shown in Fig. 5C , mutation in the distal Sp1 site (Ϫ239/Ϫ233) had no significant effect on c-Jun/Sp1-driven promoter activation. In contrast, mutation in the proximal Sp1 site (Ϫ233/ Ϫ227) and mutations at both Sp1 sites (m3) reduced c-Jun/Sp1-driven activation by 67 and 83% compared with the wild type.
Involvement of PKC MAPK Pathway in the MAO B Gene
Induction by PMA-We next designed experiments to identify the individual steps of the signaling cascade in the PMA-induced MAO B gene activation. As shown in Fig. 6A , the PMAinduced MAO B promoter activation can be inhibited by calphostin C, a specific inhibitor of PKC, in a concentrationdependent manner, suggesting that the activation of PKC is required for this PMA response. Ras was shown to be a downstream target of PKC (22, 23) . To determine whether Ras activity is required for MAO B promoter activation, HepG2 cells were co-transfected with pGLBϪ246/Ϫ99 and the expression plasmid encoding the dominant negative form of Ras (24) . As shown in Fig. 6B , the dominant negative form of Ras (dnRas) inhibited both basal and PMA-dependent MAO B promoter activity. Ras was shown to activate multiple downstream targets, including Raf-1 and MEKK1 (25, 26) . Overexpression of the dominant negative form of Raf-1 or MEKK1 suppressed PMA-induced MAO B promoter activation. Raf-1 is known to activate downstream targets ERK1 and ERK2 through the activation of MEK1 and MEK2 (27) (28) (29) . To examine the role of MEK1/2 and ERK1/2 in MAO B promoter activation, we transfected HepG2 cells with pGLB-246 and the wild-type and dominant negative forms of MEK1, ERK1, and ERK2. The dominant negative form of MEK1 suppressed basal and PMAdependent promoter activation (Fig. 6B) . A similar suppression of promoter activity was observed using PD90859, a specific MEK1/2 inhibitor. Wild type ERK1 and ERK2 increased basal activity ϳ2-fold (Fig. 6C) . The dominant negative form of ERK2, but not ERK1, suppressed PMA-dependent activity. In addition to the Raf-1 signaling cascade, Ras can activate the MEKK1 cascade. MEK4 and MEK7 were shown to be the targets of MEKK1. The dominant negative form of MEK4 had no effect on promoter activation, whereas the dominant negative form of MEK7 significantly decreased PMA-dependent promoter activation (Fig. 6D) . Co-transfection of dominant negative forms of JNK1 and c-Jun suppressed PMA-dependent promoter activation. MEKK1 can also activate MEK3, which subsequently activates p38 MAPKs (30, 31) . As shown in Fig.  6E , dominant negative form of MEK3 or p38/RK suppressed the PMA-dependent MAO B promoter activation. The specificities of dominant negative constructs were evaluated by Western blot. As showed in Fig. 6F , the protein levels of JNK1, ERK2, and p38 were decreased after transfection with their respective dominant negative constructs, indicating that these dominant negative constructs were selectively blocking the kinases they were intended to target. The schematic representation of the proposed model for the regulation of the human MAO B promoter by PMA was depicted in Fig. 7 .
DISCUSSION
In the present study, we investigated the role of PMA in the regulation of MAO A and B genes in HepG2 cells. HepG2 cells are derived from human hepatocytoma. Both MAO A and B have been found in human liver tissue (32) . HepG2 cells express both MAO A and B as well. Moreover, this cell line is easy to maintain and proliferate rapidly, which makes it an excellent model system to study the regulation of MAO A and B genes (33) . We showed that treatment of stimulation, whereas the induction of Egr-1 was detected as soon as 30 min and achieved a maximum 2 h after PMA stimulation, and induction of c-Jun was detected as early as 1 h and achieved a maximum 2-8 h after PMA treatment. These findings suggest that Egr-1 may play a major role in the earlier course and c-Jun may play a major role in the later course of the induction of MAO B gene transcription by PMA. Deletion analysis of the MAO B gene promoter revealed that the region located between nucleotides Ϫ246 and Ϫ255 bp was responsible for the PMA-inducible activation. The Ϫ246/Ϫ255 region consisted of overlapping consensus elements for two Sp1 binding sites and one Egr-1 binding site (Sp1/Egr-1/Sp1) that were able to bind to Sp1 and Sp3 constitutively and Egr-1 following PMA stimulation. Specific mutation of the overlapping sites (Sp1 mut /Egr-1 mut /Sp1 mut ) greatly reduced the bindings of Sp1, Sp3, and Egr-1. The overlapping Sp1/Egr-1 elements are present in a number of gene promoters including the acetylcholinesterase (34), transforming growth factor-␤1 (35), colony-stimulating factor-1 (36), tumor necrosis factor (37), murine thrombospondin-1 (38) , and Egr-1 itself (39). Previous studies Fig. 7 . The cells were harvested, and extracts were assayed for luciferase activity. For the PD90859 (a MEK1-and MEK2-specific inhibitor) treatment, PD90859 was added at 50 M for 30 min prior to PMA addition. Data are the mean Ϯ S.D. from three independent experiments with duplicates for each experiment. F, the specificities of dominant negative constructs were evaluated by Western blot. The protein levels of JNK1, ERK2, and p38 were detected in HepG2 cells that were transfected with their respective wild type (wt) and dominant negative forms (dn) by Western blot. Note that the expression of proteins were decreased after cotransfection with their respective dominant negative constructs.
have demonstrated that the binding of two adjacent Sp1 molecules to a DNA sequence required at least 10 bp between the central C of the two Sp1 elements (GGGCGGG) (20) . Since the two Sp1 and the Egr-1 binding sites are tightly overlapped, possibly only one of these factors can bind to the Sp1/Sp3/Egr-1 overlapping site at a time. Thus, competition between these factors and/or other members of the zinc finger transcription factor family for the binding to the overlapping site may play an important role in the control of basal and inducible gene expression.
Mutations of the Egr-1 site (m2) completely abolished the Egr-1-mediated promoter activation, demonstrating the functional role of this site. However, the same mutation reduced but did not abolish induction by PMA, whereas mutations at both Sp1 and Egr-1 sites (m3) abolished the induction by PMA, suggesting that in addition to Egr-1 Sp1 may mediate the residual induced activity. Emerging evidence has suggested that Sp1 may function as a carrier bringing c-Jun to the promoter and subsequently trans-activates gene transcription. For example, c-Jun was shown to physically interact with Sp1 and trans-activate the human p21 WAF/Cip1 gene by acting as a superactivator of Sp1 in HepG2 cells. It was suggested that the interaction between c-Jun and Sp1 superactivated Sp1-dependent promoters by stabilizing the interactions between Sp1 and the basal transcription machinery factors TAF II 110 and TAF II 130 (components of the TFIID complex) (21) . Similarly, the EGF-or PMA-inducible (12S)-lipoxygenase gene activation was mediated by the interaction between c-Jun and Sp1 (40) . Co-transfection of c-Jun and Sp1 synergistically activated MAO B promoter. Mutation analysis showed that the proximal Sp1 binding site within the Sp1/Egr1/Sp1 overlapping site plays a major role in the synergistic trans-activation by Sp1 and c-Jun.
Both c-Jun and Egr-1 were shown to be targets of the PKC and MAPK signaling pathway. In our study, we showed that the PMA-dependent increase of MAO B promoter activity was inhibited by calphostin C, a specific PKC inhibitor. Ras is a low molecular weight GTP-binding protein and has been shown to be a mediator of PKC action (22, 23) . The dominant negative form of Ras suppressed both basal and PMA-induced MAO B promoter activity, suggesting that Ras activation is important for MAO B gene expression. Activation of Ras in turns activates the downstream Raf-1/MEK/ERK, MEKK1/MEK4,7/JNK, and MEKK1/MEK3/p38/RK signaling cascades (for reviews, see Ref. 41 ). Thus, we studied the effects of dominant negative forms of the downstream kinases of each cascade on the PMAdependent promoter activation. Our results showed that MEK1, MEK3, MEK7, ERK2, JNK1, and p38/RK inhibited the PMA-dependent MAO B promoter activation. In contrast, dominant negative forms of MEK4 and ERK1 fail to suppress PMA-dependent activity.
In summary, we have demonstrated that PMA increases MAO B, but not MAO A, gene expression. We have also shown that the promoter region between Ϫ246 and Ϫ225 bp was critical for PMA-induced MAO B gene expression. This region was recognized by the transcription factors Sp1, Sp3, and Egr-1. Functional and mutagenesis studies have shown that overexpression of Egr-1 and c-Jun activated the MAO B promoter activity via the Egr-1/Sp1 overlapping binding sites. Furthermore, we have demonstrated that the PKC and MAPK signaling pathways were important for the PMA-dependent MAO B gene expression. This study provides novel information on the molecular mechanism for the differential regulation of MAO A and B gene expression. Future studies along this line will help us understand the pathophysiology of the MAO Brelated psychiatric disorders and neurogenerative diseases and may lead to design of new therapeutics. 
